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Abstract Lava flows erupted at Axial Seamount in 1998, 2011, and 2015 are chemically heterogeneous
and display decreases in MgO content in their glass rinds with increasing distance from the summit. The
trends are consistent with eruption temperature decreases down the rift zones of ~0.5 °C/km within 20 km of
the caldera and ~0.9 °C/km at greater distance (only observed in the 2011 eruption). Cooling during
magma transport in dikes is the likely cause of the temperature trends observed, related to the effects of
cooler wall rocks in areas with less frequent dike intrusions. Flows also cooled as they advanced on the
seafloor at rates 3–5 times greater than observed at Kilauea volcano in Hawaii for subaerial tube-fed
pahoehoe flows. Lavas erupted in and near the caldera in 1998 and 2011 are slightly enriched transitional
mid-ocean ridge basalt that are aphyric and have glass MgO content of 7.1–7.6 wt %. The 2015 lavas have
similarly enriched incompatible element compositions typical of transitional mid-ocean ridge basalt, but
those erupted inside and on the northeast rim of the caldera contain higher glass MgO of 7.8–8.3 wt % and
more abundant plagioclase phenocrysts typical of the normal mid-ocean ridge basaltic lavas erupted
between 1290 and 1370 CE. The brief recharge period between the 2011 and 2015 eruptions did not allow
magma stored in the shallow reservoir to cool and degas as much as between prior eruptions since 1650 CE,
suggesting that the most recent recharge period was shorter than the multicentennial average.

Plain Language Summary Axial Seamount on the Juan de Fuca mid-ocean ridge erupted multiple
lava flows of basaltic lava in 1998, 2011, and 2015. The composition of the flows was determined by analysis
of 290 lava samples as well as a single sample of volcanic sand produced during mildly explosive eruptive
activity in 2015. The lava flows are all hot spot influenced mid-ocean ridge basalt containing few crystals.
Basalts cooled at rates of 0.5–1 °C/km and crystallized 15–20% crystals as they were transported away from
the summit in dikes. They cooled at rates of ~3 °C/km as they flowed away from the eruptive fissures. Melt
composition from the summit region varies in MgO content and temperature. The hottest lavas, at 1201 °C,
were those erupted at the summit in 2015 after a 4-year repose period, whereas cooler basalts, at ~1186 °C,
erupted at the summit in 2011 after a 13-year repose period. The 1998 lavas had a similar maximum MgO
content and temperature to those erupted in 2011 and so may have had a similar repose period, consistent
with the average repose period during the last 350 years of eruptive activity. The 2015 summit lavas were the
hottest to erupt at Axial Seamount in the last 350 years.

1. Introduction

Globally, mid-ocean ridge (MOR) eruptions are difficult to detect and therefore rarely studied (Perfit &
Chadwick, 1998; K. H. Rubin et al., 2012). The Gorda and Juan de Fuca Ridges (JdFR) in the northeastern
Pacific have had seven eruptions documented since 1982 due to a combination of water column studies con-
ducted by National Oceanic and Atmospheric Administration (NOAA; e.g., Baker et al., 2012) and the availabil-
ity, for at least part of the time period, of sound surveillance system (SOSUS) seismoacoustic data that allowed
earthquake swarms to be located (e.g., Dziak et al., 2006, 2011) thereby triggering event response cruises
(summarized in Cowen et al., 2004). The eruptions in 1986 on the North Cleft segment, 1982–1991 on the
CoAxial segment of the JdFR (discovered from seafloor changes between multibeam surveys), 1993 again
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on the CoAxial segment, and 1996 on the north Gorda segment each pro-
duced relatively small volume (<50 × 106 m3) elongate hummocky lava
flows consisting of pillow mounds (see summary in Yeo et al., 2013, and
references therein). The other three known eruptions in the northeast
Pacific occurred on Axial Seamount in 1998, 2011, and 2015.

These new lava flows were mapped, sampled, and analyzed to determine
the spatial distribution and chemical variations along and away from the
eruptive fissures (Caress et al., 2012; W.W. Chadwick et al., 2013, 2016;
Clague et al., 2017; Jones et al., 2018). Axial Seamount is not a typical MOR
segment because its magma flux and composition are influenced by the
Cobb hot spot (J. Chadwick et al., 2005, 2014), but the lavas are mid-ocean
ridge basalt (MORB).Many of the eruptive and lava emplacement processes
at Axial aremore similar to those onMORs than to central volcanoes such as
Kilauea, despite the structural similarities of Axial Seamount to Kilauea in
having a summit caldera connected to two rift zones. At Axial, the north
and south rift zones serve dual functions as the locus of spreading between
the Pacific and Juan de Fuca plates and as rift zones where dikes laterally
transport magma away from the summit of the seamount.

In the past ~1,000 years, Axial Seamount has erupted two chemical variants
ofMORBat the summit (Dreyer et al., 2013) that consist of abundant, slightly
more incompatible trace-element-enriched Group 1 transitional (T)-MORB
and a less enriched Group 2 normal (N)-MORB. These two lava types,
besides having different degrees of depletion in incompatible minor and
trace elements, also have nonoverlapping ranges in MgO content of the
glass (Group 1 lavas contain 7.12–7.73% MgO compared to 7.84–8.72%
MgO for Group 2), abundance of phenocrysts (Group 1 are generally aphy-
ric, whereas Group 2 tend to be plagioclase phyric to ultraphyric), and age
(Group 1 caldera lavas are younger than 365 years old, and Group 2 caldera
and near-caldera lavas are between 650 and 730 years old) (Dreyer et al.,
2013). In this paper, themajor and trace element chemistry of the three his-
torical flows will be used to evaluate why the 2015 eruption differs from
prior Group 1 eruptions andwhy the lava compositions from each eruption
vary downrift along the eruptive fissures.

2. Geological Setting

Axial Seamount is a submarine volcano located in the northeast Pacific at the
intersection of the Cobb hot spot chain (J. Chadwick et al., 2005, 2014; Desonie
& Duncan, 1990; Johnson & Embley, 1990; Rhodes et al., 1990) and the JdFR
(Figure 1). The seamount rises to a depth of 1,367 m and has a horseshoe-
shaped 3 × 8 km summit caldera, deeper to the north end, and north and
south rift zones that each extend more than 50 km from the summit
(Embley et al., 1990). The north rift zone intersects the caldera near the center
of the north wall of the caldera. Fissures associated with the north rift also
extend along the western caldera floor and outside the caldera in the upper
western flank. The south rift zone intersects the SE corner of the caldera,
and numerous fissures extend across the eastern caldera floor and in the east
upper flank. The summit region is underlain by two magma reservoirs with
themain reservoir up to a kilometer thick, roughly twice the size of the caldera
and whose upper surface is between 1.1 and 2.8 km below the seafloor
(Arnulf et al., 2014, 2018; West et al., 2001). The second reservoir is located
~10 km to the SSE of Axial’s summit caldera. The two magma reservoirs
contain between 26 and 60 km3 of melt (Arnulf et al., 2018).

Figure 1. Map with regional location inset showing the location of Axial
Seamount on the Juan de Fuca (JdF) mid-ocean ridge offshore the Pacific
Northwest. S = Seattle; P = Portland; G = Gorda Ridge. Spreading centers
depicted as double light lines, transform faults as single black lines, sub-
duction zones as hachured black line. The main map shows the extent of
high-resolution autonomous underwater vehicle mapping data over faded
regional ship-based bathymetry. The color ramp extends from orange at
1,375 m depth to dark blue at 2,550 m depth. The summit caldera, north rift
zone, and south rift zone are labeled. The dashed line shows the extent of the
subcaldera main magma reservoir (MMR) and secondary magma reservoir
(SMR) from Arnulf et al. (2014, 2018). The red boxes show the extent of the
maps in Figure 2 with Figure 2a showing the 1998 lava flows, Figures 2b and
2c showing the extent of the 2011 lava flows, and Figure 2d showing the
extent of the 2015 lava flows. Flows erupted in 1998, 2011, and 2015 are
shown in blue, green, and yellow, respectively. Flows erupted in 2011 cover
much of those erupted in 1998.
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The three historical eruptions in 1998, 2011, and 2015 are the most recent of at least 50 mapped lava flows
erupted in the last 1,600 years (Clague et al., 2013). All three were mapped at 1-m resolution using multibeam
sonars mounted on autonomous underwater vehicles (AUV). The flow extents used here (Figure 2, Clague

Figure 2. Autonomous underwater vehicle high-resolution bathymetric maps of portions of Axial Seamount from Clague
et al. (2017) showing lava flow boundaries, locations of eruptive fissures (labeled alphabetically from A nearest the
summit) and the locations of lava samples, color-coded for MgO content of the glasses as in the figure legend. (a) 1998
lava flows at the summit and upper south rift. Fissures as defined in W. W. Chadwick et al. (2013). (b) Proximal 2011 lava
flows in and near the caldera and upper south rift. (c) Distal 2011 lava flows on the deep south rift. (d) The 2015
lava flows in the caldera, on the northeast rim of the caldera, and along the north rift. Color ramp is 1,390 to 2,300 m
depth in a, b, and d and 1,800–2,350 in c.
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et al., 2017), are modified from W. W. Chadwick et al. (2013) for 1998 flows, from Caress et al. (2012) for 2011
flows, and from W. W. Chadwick et al. (2016) for 2015 flows based on more complete AUV high-resolution
mapping. The morphology, eruptive fissure length, areal coverage, maximum and average flow
thicknesses, and volumes of the flows are summarized in Table 1 in Clague et al. (2017), and the eruption
chronologies are summarized in Clague et al. (2017) and Wilcock et al. (2018, and references therein). The
lava flows increased in area covered from 1998 to 2011 to 2015 from 7.1 × 106 to 10.2 × 106 to
11.5 × 106 m2 and in volume from 24 × 106 to 94 × 106 to 155 × 106 m3 (Clague et al., 2017).

Some chemical characteristics of lavas erupted at Axial Seamount over the last 1,000–1,200 years are outlined
in Table 1. The precaldera flows exposed in the caldera walls and as seafloor surface flows surrounding the
caldera are almost all aphyric Group 1 lavas (Dreyer et al., 2013) and are compositionally indistinguishable from
the Group 1 lavas erupted after 1650 CE. After the present caldera formed, sometime between 750 and 950 CE
(i.e., as determined from the minimum ages rather than maximum ages as incorrectly used in Clague et al.,
2013) of sediment cores on the caldera rims, Group 2 lavas erupted inside the caldera and on the east flank
(flow Eg of Clague et al., 2013) at least from 1290 to 1370 CE (Clague et al., 2013). A single flow designated
Ne erupted inside the northeastern to north central caldera ~1650 CE (Clague et al., 2013); it has a slightlymore
enriched composition thanotherGroup1 lavas (Dreyer et al., 2013; Table 1). The change fromGroup2 toGroup
1 lavas is not synchronouswith caldera formation, which occurred between 1,000 and 1,300 years ago. Instead,
it occurred at least 700 years later.

The 1998 and 2011 flows erupted at the southeastern part of the caldera and along the south rift, whereas the
2015 flows erupted at the summit inside the northeastern caldera, on the northeast rim of the caldera, and
along the north rift (Figure 2). Lava flows from all three eruptions are thin channelized flows near the summit
and upper rift zones that transition to much thicker andmore voluminous hummocky flows farther down the
rift zones (see summary in Clague et al., 2017).

The lava flows produced during the three historical eruptions are extensively sampled with 95 samples of the
1998 flows, 122 of the 2011 flows, and 73 of the 2015 flows plus a sample of pyroclastic glass shards. In com-
parison, the next most extensively sampled flows on the global MOR system are characterized by fewer

Table 1
Key Chemical Characteristics of Axial Seamount Historical Flows With Additional Prehistorical Flow Averages

Flow unit Samples
MgO

Maximum
MgO

Minimum
MgO

average K2O/TiO2 Zr/Y Zr/Nb (La/Sm)C1 (La/Yb)C1 Age

2015 A 7 8.31 8.03 8.06 ± 0.19 0.118 ± 0.004 3.13 18.9 0.89 1.14 3 years
2015 Pyroaphyric 10 8.16 7.93 8.08 ± 0.07 0.120 ± 0.007
2015 B 9 8.03 7.83 7.93 ± 0.08 0.121 ± 0.006 3.13 19.0 0.90 1.14
2015 Pyromicrolites 9 7.97 7.59 7.74 ± 0.13 0.119 ± 0.009
2015 C 1 7.50 0.112
2015 D–G 17 7.66 7.23 7.43 ± 0.10 0.116 ± 0.004
2015 H 7 7.54 7.09 7.33 ± 0.17 0.111 ± 0.004
2014 I 4 7.41 7.10 7.31 ± 0.14 0.112 ± 0.006
2015 J 6 7.44 7.11 7.34 ± 0.13 0.115 ± 0.003
2015 K 4 7.34 7.05 7.17 ± 0.13 0.118 ± 0.007
2015 all 54 8.31 7.05 7.56 ± 0.31 0.116 ± 0.005 3.11 19.5 0.87 1.12
2011 A–D 53 7.54 7.25 7.45 ± 0.06 0.112 ± 0.005 7 years
2011 E–F 10 7.48 7.25 7.39 ± 0.08 0.112 ± 0.005
2011 G–H 7 7.32 7.10 7.21 ± 0.07 0.113 ± 0.005
2011 A–H 70 7.54 7.10 7.42 ± 0.10 0.112 ± 0.005 3.05 20.9 0.82 1.05
2011 I 29 6.93 6.49 6.73 ± 0.12 0.114 ± 0.004 3.12 19.9 0.85 1.10
1998 A–J 46 7.64 7.11 7.39 ± 0.14 0.120 ± 0.007 20 years
1998 K 34 7.65 7.11 7.41 ± 0.09 0.108 ± 0.007
1998 all 80 7.65 7.11 7.40 ± 0.12 0.115 ± 0.009 3.2 20.4 0.87 1.11
Postcaldera Group 1 69 7.73 7.12 7.47 ± 0.14 0.108 ± 0.006 3.07 20.1 0.86 1.09 <365 years
Ne 11 7.92 7.64 7.82 ± 0.10 0.119 ± 0.003 3.28 20.5 0.97 1.08 365 years
Group 2-Eg 9 8.38 8.17 8.30 ± 0.06 0.088 ± 0.004 2.82 24.5 0.74 0.83 685 years
Group 2-all 60 8.72 7.84 8.34 ± 0.20 0.089 ± 0.008 2.82 25.4 0.73 0.90 650–730 yrs
Precaldera Group 1 53/32 7.71 7.26 7.52 ± 0.13 0.112 ± 0.005 3.05 ± 0.07 20.2 ± 1.2 0.86 ± 0.05 1.02 ± 0.06 >~1,200 years
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samples, with the 2005–2006 lava flows at ~9°500N on the East Pacific Rise (EPR) characterized by 58 dive
samples (Goss et al., 2010), the Animal Farm flows at 18°350S on the EPR by 53 samples (Sinton et al.,
2002), and the Aldo Kihi flows at 17°300S by 51 samples (Bergmanis et al., 2007). Here we summarize the
variations in compositions of the Axial flows produced by the three eruptions, both along their eruptive
fissures and away from the fissures, to evaluate cooling rates during (1) transport in the dikes feeding the
eruptions and (2) as channelized lava flows advanced on the seafloor, as well as how the historical lava
flows fit into the recently proposed longer/intermediate-term geochemical evolution at Axial Seamount.

3. Methods

Forty-seven of the 95 samples of 1998 lava (supporting information Table S1) were analyzed by electron
microprobe at the U.S. Geological Survey (USGS) in Denver (J. Chadwick et al., 2005), 35 at the USGS in
Menlo Park (Clague et al., 2013), and 13 at the University of California at Davis (UC Davis; all but two in
Clague et al., 2013). The 2011 and 2015 (Table S1) lava samples were all analyzed at the UCDavis. Fifty analyses
of 117 samples of 2011 lavas from the caldera and upper south rift are published in Jones et al. (2018), whereas
30 analyses of the 2015 lavas and 19 of pyroclasts are published inW. W. Chadwick et al. (2016). Analyses from
the three eruptions published here for the first time total 117, and average analyses are presented in Table 2.
The samples analyzed at USGS inMenlo Park and at UC Davis used similar methodology, with the Smithsonian
glass standard VG2 used as the primary standard for the major oxides SiO2, Al2O3, FeO, MgO, CaO, and Na2O,
and rutile for TiO2, synthetic Mn-oxide or rhodonite for MnO, potassium feldspar for K2O, apatite for P2O5, troi-
lite or pyrrhotite for S, and scapolite or sodalite for Cl. Off-peak backgrounds bracketed the element peak and
five spot analyses done on different glass grains using a ~5-μm defocused beam were averaged. The MgO
concentration in VG2 was adjusted from the reported 6.71 (Jarosewich et al., 1980) to 7.07 wt % based on

Table 2
Average Major Element Microprobe Compositions of Glasses, Separated by Laboratory Where the Samples Were Analyzed and Eruptive Fissures as Shown in Figure 2

Flow unit Lab S Cl Total SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 K2O/TiO2 HI

1998 (47)a USGSD na na 99.06 50.23 1.53 14.55 10.71 0.20 7.38 12.16 2.91 0.19 0.15 0.123 1.22
2σ na na 0.92 0.38 0.04 0.18 0.28 0.02 0.32 0.30 0.16 0.02 0.02 0.008
1998 (35)b USGSM 0.124 0.021 100.15 49.89 1.55 14.65 11.01 0.19 7.39 12.29 2.72 0.17 0.14 0.108 0.98
2σ 0.017 0.008 0.64 0.34 0.08 0.14 0.31 0.02 0.17 0.16 0.11 0.02 0.02 0.011
1998 (13)b UCD 0.127 0.024 100.37 49.77 1.55 14.62 11.06 0.20 7.41 12.33 2.74 0.17 0.15 0.112 0.92
2σ 0.026 0.006 0.74 0.30 0.06 0.18 0.28 0.02 0.28 0.16 0.06 0.02 0.02 0.008
2011 (76) A–E UCD 0.142 0.023 100.56 49.84 1.53 14.62 11.03 0.19 7.45 12.29 2.73 0.17 0.14 0.112 0.68
2σ 0.014 0.010 0.64 0.16 0.04 0.16 0.14 0.02 0.11 0.16 0.05 0.01 0.02 0.008
2011 (15) F–H UCD 0.146 0.021 100.63 49.76 1.60 14.60 11.28 0.19 7.26 12.19 2.79 0.18 0.14 0.111 1.30
2σ 0.016 0.010 0.84 0.28 0.12 0.26 0.46 0.02 0.32 0.16 0.10 0.02 0.04 0.008
2011 (29) I UCD 0.157 0.026 100.44 49.84 1.77 14.15 12.18 0.20 6.73 11.86 2.90 0.20 0.17 0.114 1.08
2σ 0.014 0.008 0.50 0.22 0.10 0.32 0.56 0.02 0.24 0.24 0.04 0.02 0.02 0.008
2015 (10) A UCD 0.136 0.019 100.88 49.28 1.42 15.42 10.54 0.18 8.02 12.25 2.61 0.16 0.11 0.116 1.20
2σ 0.012 0.014 0.62 0.42 0.08 0.22 0.26 0.02 0.40 0.16 0.06 0.01 0.06 0.010
2015 (10) aphyricc UCD 0.135 0.020 101.18 49.41 1.44 15.32 10.40 0.19 8.08 12.22 2.64 0.17 0.14 0.120 1.27
2σ 0.020 0.018 0.76 0.34 0.12 0.14 0.16 0.06 0.14 0.12 0.06 0.04 0.06 0.014
2015 (19) B–C UCD 0.137 0.023 100.74 49.30 1.46 15.36 10.69 0.19 7.83 12.23 2.66 0.17 0.12 0.118 1.46
2σ 0.016 0.022 0.88 0.70 0.08 0.48 0.32 0.04 0.28 0.24 0.08 0.02 0.04 0.012
2015 (9) microphyricc UCD 0.134 0.030 100.92 49.59 1.46 15.33 10.47 0.18 7.74 12.26 2.66 0.17 0.13 0.119 1.16
2σ 0.014 0.024 0.52 0.28 0.08 0.44 0.34 0.04 0.26 0.16 0.02 0.02 0.04 0.018
2015 (16) D–F UCD 0.142 0.033 99.75 49.96 1.56 14.73 10.89 0.20 7.41 12.09 2.81 0.18 0.16 0.116 1.17
2σ 0.012 0.026 1.84 0.30 0.08 0.24 0.44 0.02 0.24 0.20 0.08 0.02 0.04 0.010
2015 (19) G–J UCD 0.146 0.023 100.49 49.86 1.60 14.57 11.20 0.20 7.30 12.14 2.80 0.18 0.16 0.114 1.22
2σ 0.014 0.006 0.98 0.22 0.10 0.26 0.48 0.02 0.28 0.22 0.08 0.02 0.04 0.010
std.VG2 (32) UCD 0.154 0.030 100.12 50.71 1.86 14.10 11.86 0.21 7.11 11.16 2.60 0.20 0.20 0.106
2σ 0.027 0.014 0.98 0.38 0.08 0.17 0.34 0.04 0.22 0.28 0.04 0.02 0.02 0.020

Note. Analyses of S, Cl, and Totals are as determined with other oxides normalized to 100% on a volatile-free basis. Full data set is in Table S1. USGSD = U.S.
Geological Survey Denver; USGSM = U.S. Geological Survey Menlo Park; UCD = University of California at Davis; HI = homogeneity index. Number in parentheses
is number of samples averaged.
aFrom J. Chadwick et al. (2005). bFrom Clague et al. (2013). cPyroclasts from W. W. Chadwick et al. (2016).
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recalibration against Smithsonian glass standards A99 and 113716; fused rock standards BHVO-2, BCR-2, and
BIR; and EPRMORB glass Alvin 2392–9. This MgO value is even higher than 6.95 wt% recently reported by Helz
et al. (2014) but is consistent with the value for widely usedMORB glass Alvin 2392-9. Methods for the analyses
at USGS in Denver were previously reported in Appendix A of J. Chadwick et al. (2005).

J. Chadwick et al. (2005) report solution inductively coupled plasma-mass spectrometry (ICP-MS) trace ele-
ment analyses of eight 1998 samples using techniques described therein. ICP-MS trace element analyses at
the University of California at Santa Cruz were done for four additional samples from the 1998 flows
(Dreyer et al., 2013), although we note that sample T874-R8 was incorrectly identified as 1998 lava; it is actu-
ally from a flow underlying the 1998 flows. Three 1998 lavas were analyzed using solution ICP-MS, and the
same samples, with one additional sample, were analyzed using laser ablation ICP-MS techniques, instrument
settings, and with precision and accuracy described in Dreyer et al. (2013) and standard analyses repeated in
Table S2. The same laser ablation ICP-MS techniques were used to analyze 17 new samples from the 2011
flows, and the same solution ICP-MS techniques were used to analyze 14 from the 2015 flows (Table S2 with
average analyses in Table 3).

The evaluation of chemical variations in the three flows as a function of distance traveled required quantifi-
cation along the fissure system. Each sample location was projected onto the nearest point on the appropri-
ate eruptive fissure (for lavas that simply flowed away from the fissure) in a Geographic Information System or
onto the nearest point along a channel, then backtracked along the channel to the point on the fissure where
the channel began. The distances from the uppermost part of the fissure system to these projected points are
in Table S1. The distance traveled on the surface for fissure-erupted lavas is the distance from the projected
point along the fissure to the sample location, and for samples that flowed down a channel, it is the distance
along the route of the channel from the fissure to the projected point, plus the distance from the projected
point to the collection location. The measured distances are slightly larger (perhaps a few percent) than if an
average single dike had been used for the projections.

4. Results

The chemistry of lavas from the three eruptions are described in chronological sequence as the 1998 and
2011 lavas are nearly identical to those erupted since 1650 CE, and the 2015 flows are chemically and miner-
alogically distinctive. All three flows follow typical low-pressure liquid lines of descent with increasing FeO,

Table 3
Average ICP Trace Element Analyses for Axial Seamount Historical Flows Subdivided by Eruptive Fissures as Shown in Figure 2

Flow unit Sc V Cr Co Ni Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd

Ne 48.5 278.9 315.3 40.5 53.7 2.27 166.3 30.4 99.6 4.86 0.014 28.4 4.93 13.03 2.05 10.86
1σ (2) 0.1 3.9 2.2 0.6 0.1 0.14 0.4 0.2 0.6 0.15 0.003 0.6 0.07 0.05 0.01 0.43
1998-UC laser 48.7 306.5 279.7 39.7 45.1 2.19 152.7 30.5 94.0 4.61 0.018 27.6 4.69 12.81 2.01 10.35
1σ (4) 0.3 2.5 8.7 0.2 1.0 0.10 1.1 0.7 2.3 0.05 0.004 0.3 0.07 0.09 0.03 0.31
1998 UC solution 47.9 321.8 279.7 48.4 50.6 2.36 152.2 32.5 100.2 4.92 0.024 27.8 4.75 12.68 2.04 10.75
1σ (3) 0.5 3.7 2.3 0.3 0.5 0.01 1.6 0.3 0.6 0.06 0.004 0.4 0.07 0.20 0.03 0.05
1998-Chadwick 62.0 292.1 273.1 46.3 2.23 150.7 29.9 98.3 4.76 4.84 13.38 2.13 11.16
1σ (8) 2.4 5.1 31.0 3.7 0.39 3.7 0.8 1.6 0.41 0.15 0.22 0.05 0.26
2011A–H 48.9 301.3 268.8 44.5 45.6 2.12 155.8 31.0 94.7 4.56 27.6 4.68 12.82 2.04 10.73
1σ (13) 1.3 8.5 26.0 3.3 3.3 0.20 2.5 1.1 3.5 0.13 0.8 0.16 0.34 0.05 0.39
2011I 47.3 334.6 95.1 47.1 35.3 2.35 157.8 35.3 110.0 5.52 31.0 5.39 14.87 2.34 12.23
1σ (5) 0.9 6.7 29.6 0.6 8.0 0.02 1.8 1.0 4.4 0.24 1.0 0.21 0.60 0.13 0.45
2015A 44.7 290.9 301.2 48.8 59.1 2.07 157.1 28.0 87.8 4.65 0.021 26.7 4.43 11.80 1.88 9.79
1σ (4) 1.4 10.0 19.1 1.1 2.3 0.06 3.0 1.1 3.3 0.17 0.000 0.6 0.14 0.37 0.06 0.34
2015B 45.2 295.9 315.3 49.3 59.0 2.10 157.1 28.2 88.2 4.67 0.022 26.9 4.50 11.92 1.90 9.90
1σ (2) 0.6 3.1 6.4 0.9 1.5 0.06 5.0 0.5 1.5 0.05 0.001 0.8 0.14 0.38 0.05 0.27
2015E–J 47.9 319.5 274.6 47.8 46.4 2.18 153.8 31.5 97.6 4.92 0.022 27.6 4.79 12.92 2.07 10.85
1σ (8) 1.5 7.7 20.8 1.3 1.9 0.11 3.5 1.2 5.8 0.30 0.001 1.1 0.28 0.67 0.10 0.51

Note. Full data set is in Table S2. Number in parentheses indicates number of samples averaged and used to calculate 1 sigma uncertainty. ICP = inductively
coupled plasma.
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TiO2, K2O, P2O5, Na2O, S, and incompatible trace elements with decreasing MgO, Al2O3, and compatible trace
elements (e.g., Langmuir et al., 1992; Perfit & Chadwick, 1998). Dreyer et al. (2013) described and discussed
the origin of major and trace element variations and modeled low-pressure crystal fractionation for Axial
compositions. The historical lavas fall well within the range of compositions considered in that study, and
the reader is referred there for more details. For the remainder of the paper, we have used MgO content
of the glass as a proxy for extent of fractionation. In addition, the quench temperature (the temperature at
which melt is quenched in seawater to glass) can be calculated using T°C = 19.044*MgO + 1042.85 with
MgO in weight percent (Sugawara, 2000, with MgO converted from mole percent to weight percent and T
from degrees Kelvin (°K) to Celsius (°C)), which allows us to evaluate cooling during magma transport
through dikes or on the surface during flow emplacement. Relative temperatures are as precise as the
MgO analyses by electron microprobe, or 2σ = 4 °C, based on repeat analyses of standard VG2 (Table 2).

Homogeneity index (HI) is the average of the ratio of the two standard deviations (2σ) from themean for each
element divided by the 2σ analytical uncertainty for that element (Rhodes, 1983) and gives ameasure of com-
positional variability relative to analytical uncertainty. Higher HI values indicate less homogeneity. The HI
values reported here are based on the major and minor element compositions, not including S and Cl, deter-
mined by electron microprobe.

4.1. The 1998 Eruption

In 1998, four discrete channelized flows were produced from 11 identified en echelon fissures extending a
distance of 11 km in the southeastern caldera floor and the upper south rift zone (W. W. Chadwick et al.,
2013). Flows from fissures 98A to 98F and 98G to 98I coalesced into single composite flows (Figure 2a).

Dives in 2016 to sample 2015 flows along the upper north rift had a difficult time identifying the new flows in
places due to locally abundant orange-brown sediment/bacterial mat that was deposited on both new and
adjacent older flows. The 1998 and 2011 flows inside the caldera also were locally covered with similar hydro-
thermal deposits a few months after the eruptions. Two samples (R501-4 and R501-6; J. Chadwick et al., 2005)
collected following the 1998 eruption were misidentified (see Clague et al., 2013) as 1998 lavas. Two other
samples (J2-581-pillow 2 and J2-581-pillow 30, Table S1) were collected as 2011 lavas but based on Po ana-
lysis (K. R. Rubin, unpublished data, December 2017) have been assigned to the adjacent 1998 flow.

The aphyric to sparsely plagioclase-phyric 1998 flows vary from 7.11 to 7.66 wt % MgO along the 11 km of
eruptive fissures (Table 2 and Figures 2a and 3a). Average compositions for lavas sampled near eruptive fis-
sures 98A to 98K (W. W. Chadwick et al., 2013) and labeled as A to K in Figure 2a contain between 7.38 and
7.43 wt % MgO for analyses done on three different microprobes and within analytical uncertainty of each

Table 3 (continued)

Flow unit Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U

Ne 3.18 1.22 4.59 0.805 5.28 1.12 3.35 0.474 3.16 0.441 2.59 0.309 0.497 0.332 0.109
1σ (2) 0.00 0.02 0.02 0.015 0.11 0.04 0.10 0.043 0.15 0.014 0.09 0.031 0.045 0.005 0.002
1998-UC laser 3.37 1.28 4.56 0.777 5.16 1.08 3.21 0.469 3.02 0.458 2.39 0.283 0.489 0.307 0.103
1σ (4) 0.10 0.05 0.18 0.010 0.20 0.03 0.06 0.014 0.12 0.010 0.10 0.017 0.023 0.007 0.002
1998 UC solution 3.37 1.28 4.47 0.811 5.12 1.11 3.15 0.477 3.03 0.445 2.52 0.298 0.473 0.301 0.107
1σ (3) 0.09 0.01 0.06 0.002 0.11 0.02 0.05 0.011 0.02 0.002 0.02 0.001 0.008 0.001 0.001
1998-Chadwick 3.58 1.39 4.75 0.863 5.30 1.15 3.03 0.500 3.11 0.500 0.324
1σ (8) 0.18 0.04 0.09 0.052 0.14 0.05 0.12 0.000 0.14 0.000 0.014
2011A–H 3.58 1.29 4.68 0.805 5.27 1.16 3.31 0.494 3.21 0.463 2.43 0.289 0.483 0.309 0.101
1σ (13) 0.15 0.05 0.26 0.045 0.27 0.08 0.13 0.033 0.15 0.038 0.09 0.013 0.052 0.012 0.006
2011I 3.96 1.48 5.15 0.920 6.11 1.32 3.96 0.565 3.54 0.575 2.80 0.342 0.496 0.360 0.115
1σ (5) 0.25 0.05 0.20 0.056 0.17 0.02 0.32 0.030 0.32 0.028 0.23 0.019 0.010 0.017 0.005
2015A 3.11 1.20 4.17 0.738 4.80 1.02 2.91 0.431 2.71 0.411 2.33 0.300 0.449 0.287 0.102
1σ (4) 0.10 0.04 0.16 0.030 0.19 0.04 0.10 0.019 0.12 0.015 0.09 0.010 0.013 0.009 0.004
2015B 3.11 1.23 4.20 0.755 4.84 1.03 2.96 0.442 2.75 0.415 2.37 0.303 0.452 0.291 0.105
1σ (2) 0.06 0.03 0.08 0.008 0.04 0.01 0.04 0.008 0.05 0.006 0.03 0.003 0.010 0.008 0.002
2015E–J 3.47 1.31 4.65 0.826 5.34 1.15 3.28 0.487 3.06 0.464 2.60 0.324 0.478 0.312 0.112
1σ (8) 0.14 0.05 0.18 0.031 0.20 0.04 0.12 0.018 0.13 0.018 0.14 0.016 0.018 0.029 0.014
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other (e.g., analytical accuracy and 2σ precision for all elements are listed in Table S1). Samples and thus data
are sparse, but lavas near fissures 98G-H (flows coalesced into single flow) and 98J have lower MgO (7.28 and
7.14 wt % MgO), compared to the lavas erupted at the summit. The 11 analyses done at UC Davis (Table S1)
show a decrease in MgO from ~7.6 wt % a few kilometers from the north end of the fissure system to
~7.3 wt % about 10 km to the south. The average of all samples is 7.39 ± 0.26 (2σ) wt % MgO. Few
samples were collected at the distal ends of flows, except for the southernmost flow where distal samples
are indistinguishable from upslope near-fissure samples (Figure 2a). The samples are all Group 1 T-MORB,
using the criteria for Axial T-MORB of K2O/TiO2 > 0.10 (Dreyer et al., 2013), with K2O/TiO2 = 0.115 ± 0.009.
Their trace element compositions are consistent with T-MORB with Zr/Nb ~ 20 and Zr/Y ~ 3.2, and only
slight middle rare earth element enrichments in primitive mantle-normalized patterns (Figure 4) and with
(La/Sm)C1 ~ 0.87 and (La/Yb)C1 ~ 1.11, similar to the average of prehistorical Group 1 lavas (Table 1).

All lava flows cover surfaces consisting of prior lava flows. Based on stratigraphic relations revealed in the
bathymetric maps, the 1998 flows in the caldera partly covered parts of six different flows (Clague et al.,
2013), whereas those on the upper south rift partly covered parts of four flows and three cones.

Figure 3. Plots of MgO content of normalizedmicroprobe glass analyses as a function of distance (measured as described in the text and listed in Table S1) along the
fissures from the uppermost end of the eruptive fissures. All four panels have the same scales in distance and in MgO content in weight percent (wt %). The
samples are subdivided into four groups (symbols in legend) for each eruption depending on the distance the flow traveled on the surface (measured as
described in the text and listed in Table S1). The near-fissure samples traveled <200 m from the fissures, the next closest 200–500 m from the fissures, the next
group 500 m to 1 km from the fissures, and the final group traveled >1 km from the fissure. (a) The 1998 lava flows. (b) The 2011 lava flows. (c) The 2015 lava
flows. (d) All three historial flows.
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4.2. The 2011 Eruption

In 2011, 12 discrete flows erupted from eight en echelon sometimes discontinuous fissures on the southeast-
ern rim of the caldera, on the caldera floor, and on the upper south rift (Figure 2b), with one more fissure on
the lower south rift (Caress et al., 2012; Clague et al., 2017; Figure 2c). The flows on the southeast caldera rim,
caldera floor, and most of the upper south rift are channelized flows, but the southernmost flows on the
upper south rift are hummocky flows as are the three flows erupted from a single fissure on the deep south
rift. The fissures are labeled A to H (Figure 2b) and referred to as 11A to 11H in the text, with 11A the north-
ernmost in the summit caldera and 11H the southernmost on the upper south rift. These lavas are aphyric
with only rare plagioclase phenocrysts. The summit and upper south rift lavas range from 7.07 to
7.57 wt % MgO (Table 2 and Figure 3b).

The average lavas erupted from fissures 11A-D, 11E-F, and 11G-H have 7.45 ± 0.12 (2σ), 7.39 ± 0.16, and
7.21 ± 0.14 wt % MgO, respectively, suggesting a small decrease in MgO away from the summit
(Figure 2b). The average of all 2011 summit and upper south rift samples is 7.42 ± 0.20 wt % MgO, which
is statistically the same as for the 1998 flows (see Table 2). Samples from distal ends and mid-distance of flow
lobes inside the caldera and to the southeast are not significantly more evolved than near-fissure samples
(Figure 2b and 3b).

Three discrete hummocky flows on the lower south rift zone erupted from fissure 11I (Figure 2c). They
erupted from a 4.8-km-long fissure separated from the upper rift fissures by about 20.6 km. These lavas are
significantly more differentiated (Table S2 and Figure 2c) and range from 6.49 to 6.94 wt %MgO, with an aver-
age of 6.73 ± 0.12 wt % MgO (Figure 3b) and a random spatial variation. They contain abundant microlites of
plagioclase, clinopyroxene, and olivine. Minor overlap of the electron beam on microlites may account for
some of the variation observed in the microprobe glass compositions.

The upper rift and caldera lavas (erupted from fissures 11A to 11H) are Group 1 T-MORB with K2O/
TiO2 = 0.112 ± 0.005, Zr/Nb ~ 3.05, Zr/Y ~ 21, (La/Sm)C1 ~ 0.82, and (La/Yb)C1 ~ 1.05 (Table 1). The distal south
rift (fissure 11I) lavas are also Group 1 T-MORB with K2O/TiO2 = 0.114 ± 0.004, Zr/Nb ~ 3.12, Zr/Y ~ 20, (La/Sm)C1

Figure 4. Primitive mantle normalized spidergram for historical flows or portions of flows from Axial Seamount, an average
prehistorical Group 2 N-MORB (Dreyer et al., 2013), and 365-year-old flow Ne (Clague et al., 2013), the oldest dated post-
Group 2 lava that erupted from a fissure system extending N-S in the eastern caldera. Also shown are global average N-
MORB and E-MORB from O’Neill and Jenner (2012). Primitive mantle values are from Sun and McDonough (1989). None of
the Axial lavas are chemically similar to global E-MORB or even to global N-MORB, although Axial Group 2 lavas are almost
as depleted as global N-MORB. Lavas from all three historical lavas are similar to Group 1 lavas and only slightly more
depleted than flow Ne. The average 2015 summit lava has the lowest concentrations, and the distal south rift 2011 lavas
have the highest concentrations of incompatible elements and so are inversley correlated with MgO content of the glasses.
N-MORB = normal mid-oceanic ridge basalt; E-MORB = enriched mid-ocean ridge basalt.
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~ 0.85, and (La/Yb)C1 ~ 1.11. All 2011 lavas are similar inmajor and trace elements to Group 1 prehistorical Axial
lavas (Dreyer et al., 2013; Table 1 and Figure 4) and to the 1998 lavas described above, with the exception
that the 2011 distal hummocky flow samples have significantly lower MgO and higher incompatible trace
element abundances than Group 1 lavas from the caldera and upper south rift (Dreyer et al., 2013).

The 2011 flows partly buried 13mapped flows (Clague et al., 2013) plus parts of several prehistorical cones on
the upper south rift zone. The 2011 flows also buried 58.9% by area of the 1998 flows, including the sites
where 43 of the 93 samples were collected prior to the 2011 eruption.

4.3. The 2015 Eruption

In 2015, 10 discrete flows erupted from a sequence of en echelon fissures starting in the east central cal-
dera and continuing onto the northeast rim of the caldera before two westward steps to the north rift

Figure 5. Map of the summit of Axial Seamount showing the locations of benchmarks and a semiquantitative measure of
the amount of pyroclastic glass shards deposited during the 2015 eruption.
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zone (W. W. Chadwick et al., 2016; Clague et al., 2017; Figure 2d). The fissures total about 21 km in length.
These lavas are more compositionally variable than those erupted in 1998 or 2011, with a range from 7.05
to 8.31 wt % MgO (Table 1 and Figure 3c). The 2015 lavas have a strong trend of decreasing MgO with
increasing distance from the caldera, as shown by W. W. Chadwick et al. (2016) based on a subset of
about half of the data used here. That pattern does not change with the additional data presented.
The near-fissure lavas on the caldera floor (fissure A) have 8.03 to 8.31 wt % MgO (average
8.06 ± 0.19 wt % MgO) and contain 1–5% plagioclase phenocrysts up to ~3 mm in size. Near-fissure
samples from the NE flank of the caldera (erupted from fissure B) have 7.83 to 8.03 wt % MgO
(average 7.93 ± 0.08 wt % MgO). Glass from the single lava sample collected from fissure C contains
7.50 wt % MgO and more closely resembles the samples erupted from the north rift fissures D to G.
Lavas erupted from fissures D to G (south to north) on the north rift have 7.05 to 7.66 wt % MgO, and
MgO broadly decreases, with large ranges, from ~7.5 to ~7.2 wt % between 5.5 and 21 km from the
southern end of the fissure system (Figure 3c). The group average is 7.56 ± 0.62 wt % MgO (2σ), only
slightly higher than the caldera/upper rift samples from the 2011 and 1998 flows. The lavas erupted in
the caldera and on the NE rim of the caldera are significantly more MgO-rich than any lava erupted in
2011, 1998, or during the preceding ~365 years when 19 prehistorical caldera lava flows were
uniformly aphyric and had glass with 7.26–7.71% MgO (Clague et al., 2013). The higher MgO glass
contents of the 2015 sparsely plagioclase-phyric caldera lavas are similar to those of plagioclase phyric
and ultraphyric Group 2 lavas erupted between 650 and 730 years ago (Table 1) making this portion of
the 2015 eruption the most MgO-rich melts erupted in the last six centuries at Axial Seamount.

Glasses erupted as pyroclastic shards in 2015 and sedimented out of the water column were also recovered
from the top of a benchmark located near the center of the caldera (W. W. Chadwick et al., 2016; Table S1).
The sample includes aphyric (MgO from 7.93 to 8.16 wt %) and microphyric shards (MgO from 7.59 to
7.97 wt %), and nearly encompass the compositional range observed in lava flow samples from fissures A
on the caldera floor with 7.71 to 8.31 wt % MgO (for aphyric shards) and fissure B on the northeast caldera
flank with 7.68 to 8.04 wt % MgO (for microphyric shards). A visual estimate of the amount of glass shards
on all benchmarks in and near the caldera shows the greatest abundance at benchmark AX101 in the caldera
center (Figures 5 and 6). The amount of ash on the other benchmarks decreased with distance from the 2015
eruptive vents; the most distal ones had none (Figure 5).

Figure 6. Video framegrabs from ROV Jason dive J2-823 showing 2015 ash on seafloor benchmarks, with varying
amounts from most to least. (a) thickest ash at benchmark AX101 at the center of the caldera. (b) Medium-high ash
at benchmarks AX307 located about 1 km south of AX101. (c) Medium ash at benchmark AX308. (d) Little ash at
benchmark AX106.
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Lavas erupted closest to the caldera rim contain the greatest amount (~5%) of plagioclase phenocrysts up to
3 mm in length, but most of the rest of the 2015 lavas have ≪1% phenocrysts. More distal samples on the
north rift with MgO < 7.35 wt % contain 1–4% small clusters of plagioclase plus clinopyroxene microlites,
whereas samples nearer to but outside of the caldera have <1% microlites. All the lavas have slightly
enriched incompatible element ratios (K2O/TiO2 = 0.116 ± 0.005, Zr/Nb ~ 19.5, Zr/Y ~ 3.13, (La/Sm)

C1 ~ 0.87, and (La/Yb)C1 ~ 1.12; Table 1 and Figure 4) typical of Group 1 T-MORB.

The 2015 lava flows in the caldera partly buried 10 flows (Clague et al., 2013) and 46.5% of flow Ne. Much of
the area on the northeast flank of the caldera and on the north rift were not mapped prior to the 2015 erup-
tion, but several of the 2015 flows on the north rift buried sites sampled during remotely operated vehicle
ROPOS dives R497 and R467 (J. Chadwick et al., 2005). Within the caldera, the southernmost part of the
2015 flows approached to within 100 m of the northernmost part of the 1998 flows.

5. Discussion
5.1. Are 2015 Lavas Representative of Group 1 or Group 2 Lavas?

Rhodes et al. (1990), J. Chadwick et al. (2005, 2014), and Dreyer et al. (2013) have described the origin of Axial
Seamount lavas as MORB generated from mantle having a slight incompatible element enrichment derived
from the Cobb hot spot. Dreyer et al. (2013), in particular, noted the range of compositions from N-MORB to
T-MORB and showed that the two groups were generally erupted during different time periods. Despite the
similarities of 2015 caldera glasses in MgO content and presence of plagioclase phenocrysts to Axial
Seamount Group 2 N-MORB lavas (Dreyer et al., 2013), all 2015 samples are Group 1 T-MORB. There are no sig-
nificant differences in any diagnostic trace element ratios (Table 1) or incompatible element patterns (Figure 4)
between the higher-MgO samples from fissures 15A and 15B and the lower-MgO samples from the 2015 north
rift zone fissures, or to 1998, 2011, or prehistorical lavas erupted in the past 365 years. This implies a nearly con-
stant parent melt composition being supplied to the Axial magma system over that time period.

The higher than usual MgO contents in the fissure 15A and 15B samples (i.e., implying hotter eruption
temperatures) is most likely linked to the short interval between the 2011 and 2015 eruptions, whereby
mixing between recharge magma and resident magma and/or cooling and crystallization in the magma
reservoir was inhibited. The rate of inflation observed between 2011 and 2015 was 4 times higher than
before 2011, suggesting a higher magma supply rate (Nooner & Chadwick, 2016). This relatively hot
recharge magma ascended to the surface near the southern end of the 2015 fissures, near the locations
of the earliest earthquakes (Wilcock et al., 2016), center of deformation (Nooner & Chadwick, 2016), and
most CO2 supersaturated lavas (Jones et al., 2018). Rapid ascent, as suggested by the degree of CO2

supersaturation of these lavas (Jones et al., 2018), may have aided in the entrainment of (mainly) plagio-
clase phenocysts, perhaps from the roof of the reservoir. Degassing formed pyroclasts that deposited on a
number of the benchmarks in and near the caldera (W. W. Chadwick et al., 2016; Figure 5). The appear-
ance at the summit early in the eruption of the hottest, most gas-rich magma to erupt in 2015 is consis-
tent with hot recharge magma having risen through resident more fractionated and degassed reservoir
magma. The recharge magma could pond at the top of the reservoir and cool, degas, and mix with resi-
dent reservoir magma given adequate time. In 2015, the repose period was likely too short to allow mix-
ing to blend the recharge magma with the resident magma.

In summary, all three historical lava flows have the slightly enriched chemical characteristics of Group 1 lavas,
but the 2015 flows in the summit caldera and on the NE flank of the caldera have higher MgO content than
any lava flow erupted in the past 365 years and also are plagioclase phyric rather than aphyric. We suggest
that the more rapid ascent of these hottest 2015 lavas, while sharing the same compositional source as
the lavas erupted 1998 and 2011, led to the entrainment or preservation of plagioclase phenocrysts, pre-
viously only found in Group 2 lava. The Group 2 lavas also have similarly elevated MgO contents as the early
2015 lavas but have distinct trace element compositions.

5.2. Compositional Variations During Each Eruption Along the Fissures

All three historical eruptions, as well as prehistorical flows (J. Chadwick et al., 2005), show decreases in MgO
content of the glass, and therefore of eruption temperature, with distance from the caldera (Figure 3). We
interpret these decreases in eruptive temperature as being caused by conductive cooling and
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crystallization during magma transport in the dikes that propagate laterally away from the caldera and cross-
cut cooler wall rocks (e.g., A. M. Rubin, 1993).

As a result of the added uncertainties introduced due to analyses on three different microprobes, the trend
for the 1998 lava flows (Figure 3a) is not as clear along the 11 km of eruptive fissures as it is for the later 2011
(Figure 3b) and 2015 (Figure 3c) lava flows over longer fissures. Nonetheless, the data (especially the UC Davis
and USGS in Menlo Park data) can be interpreted as showing a small decrease in MgO away from the caldera
and the general trend is equivalent to a decrease in eruption temperature from 1185 to 1180 °C (Table S1), or
a decrease in eruptive temperature of ~0.50 °C/km of fissure. The glass compositions fall along a calculated
liquid line of descent for slightly less than 80% residual melts after crystallization of olivine, plagioclase, and
less clinopyroxene from parental melts that have about 8.7% MgO (see Figure 3 in Dreyer et al., 2013). These
8.7% MgO parental melts could themselves be roughly 80% residual melts after crystallization of olivine plus
plagioclase from near-primary melts with 9.7–9.8% MgO, similar to the most MgO-rich melts sampled from
Axial Seamount (J. Chadwick et al., 2005; Portner et al., 2015).

The caldera and upper south rift 2011 lavas also show a small decrease in MgO away from the caldera from
~7.5 to ~7.2 wt % that corresponds to a decrease in eruption temperature of ~6 °C from ~1186 to ~1180 °C
over ~10 km of fissure, or ~0.60 °C/km. The hummocky flow on the distal south rift has an average MgO con-
tent of 6.73 ± 0.12 wt % that indicates an average eruption temperature of 1171 ± 2 °C, or 15 °C cooler than
the average of lavas ~31.5 km uprift at the north end of the fissure system. The temperature decreased along
the entire dike/fissure at a rate of ~0.48 °C/km. If one considers only the gap between 20 and 31.5 km, MgO
decreased from 7.2 to 6.73 wt %, equivalent to a decrease in temperature from ~1180 to ~1170 °C, or
0.87 °C/km, in which case the cooling rate of the dike appears to have increased as the dike reached the distal
end of the rift zone. Alternatively, the variations observed in each eruption could be caused by variable mix-
ing of caldera magma with magma stored in the rift. However, the most distal lavas in the 2011 and 2015
eruptions do not entrain plagioclase, olivine, and clinopyroxene phenocrysts of microphenocrysts one might
expect to be present in evolved magmas stored in the rift.

Like the 1998 melts, 2011 glass compositions fall along a calculated liquid line of descent for slightly less than
80% residual melts after crystallization of olivine, plagioclase, and less clinopyroxene from parental melts that
have about 8.7% MgO (see Figure 3 in Dreyer et al., 2013). These 8.7% MgO parental melts are themselves
roughly 80% residual melts after crystallization of olivine plus plagioclase from estimated near-primary melts.
The lower rift melt compositions also fall along calculated liquid line of descent (see Figure 3 in Dreyer et al.,
2013) and crystallized about 15–20% more olivine, plagioclase, and clinopyroxene than the upper rift and
near-caldera melts. Incompatible trace element concentrations for Nb, La, Ta, Hf, and Th increase by
15–21% during this modeled crystallization.

The 2015 caldera samples from near the eruptive fissures A–C have a steep decrease in MgO from ~8.3 to
~7.85 wt % along just 4.5 km of fissure, equivalent to a temperature decrease from ~1201 to ~1192 °C or
2 °C/km of fissure. Fissures C–G lavas broadly decrease in MgO from ~7.5 to ~7.2 wt % or in temperature
from ~1186 to ~1180 °C along 15.5 km of fissure or 0.37 °C/km of fissure. There is a temperature gap of
~6 °C between lavas on the fissure on the northeast flank of the caldera to those on the north rift.
Overall, MgO decreases from an average of ~8.3 to ~7.2 wt % over 21 km of fissure, equivalent to a
~21 °C decrease or 1 °C/km of fissure away from the caldera; most of the decrease occurs along the fissures
in the caldera and on the NE flank of the caldera. The 2015 lavas have a much wider range in composition
(~0.4 wt % MgO) and temperature (~7.5 °C) at any given distance along the north rift zone. This wide var-
iation in eruptive temperature may reflect a less homogeneous mixture of recharge and resident magmas
in the reservoir during the 2015 eruption.

Like the 1998 and 2011 lavas, the variations in the 2015 glasses also fall along liquid line of descent (see
Figure 3 in Dreyer et al., 2013) and formed from ~22% crystallization of olivine, plagioclase, and clinopyr-
oxene between the least and most-MgO rich melts. Incompatible trace element concentrations of La, Nb,
Ta, Hf, and Th increase by 6–11% from average fissure 15A to average fissure 15E to 15J (Table 3). The most
MgO-rich melts from within the caldera had previously crystallized ~30% olivine and plagioclase from esti-
mated near-primary magmas. The more evolved lavas from the north rift lack plagioclase phenocrysts pre-
sent in the lavas erupted on the caldera floor, but the glasses have common microlites of plagioclase,
olivine, and clinopyroxene.
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In summary, lavas transported in the feeder dikes down either the north or south rift zones cool at rates of
0.5–0.6 °C/km with rates of almost 0.9 °C/km for dikes that reach the deeper rift zones. This increase in cool-
ing rates could be caused by cooler wall rocks or slower dike propagation downrift as driving pressure
decreases during summit deflation. In contrast, lavas transported in dikes mainly under the northeast flank
of the caldera cool at ~2 °C/km, or roughly 3–4 times more quickly. This difference in dike cooling rates
appears to be correlated with the frequency of recent diking and eruption in the two settings. Frequent dik-
ing on the rift zones maintain hot wall rocks and low dike cooling rates. The upper south rift has had numer-
ous young eruptions prior to 1998 and then just 13 years between 1998 and 2011 eruptions. Even the lower
south rift 2011 hummocky flow on the distal south rift zone roughly followed the path of dike intrusion that
took place in 1998, as evidenced from earthquake epicenters (Dziak & Fox, 1999). In contrast, high dike
cooling rates characterize the eastern caldera floor where the last eruption (of flow Ne) took place 365 years
ago or the northeast flank of the caldera where the last eruption (of flow Eg) took place 675 years ago
(Clague et al., 2013) and wall rocks are colder. Eruption age constraints are few along the north rift. Near
the caldera, flows are covered by a thick sequence of clastic deposits that date to at least 800 years ago,
but the 2015 flows on the north rift start beyond those deposits where most flows have thin sediment cover
that suggests they are probably more recent than 1650 CE. An alternative explanation to the rapid apparent
cooling rates across the caldera floor and northeast flank of the caldera is that the variation in MgO content
and calculated temperatures in lavas reflects compositional zoning or magma mixing in the shallow magma
reservoir that underlies these areas (Arnulf et al., 2014, 2018; W. W. Chadwick et al., 2016).

5.3. Compositional Variations Within Flows Away From Fissures

We classified the samples from all three historical flows into groups collected proximal to the eruptive
fissures (<200 m), distal from the fissures (>500 m), and in between (Table S1 and Figure 3). Only some
of the more distal samples stand out as having lower MgO (Figure 2). All three flows are all surface flows
with no evidence of having developed tube systems. The southernmost channelized flow erupted in 1998
from the south rift zone decreased in MgO by ~0.2 wt % (just larger than the estimated 2σ analytical
uncertainty), so temperature may have decreased by ~3.8 °C as the lobe advanced downslope to the east
for ~1.14 km, resulting in a cooling rate of ~3.3 °C/km. Several lobes of the 2011 flows advanced down-
slope as far as 3.4 km but show no systematic compositional changes and therefore no temperature gra-
dients along the flow lobes.

Several 2015 flow lobes have enough samples collected away from the fissures to assess changes downflow.
Flow 15A (caldera floor) has 8.06 ± 0.31 wt %MgO near fissure, 7.93% at middistances and 7.78% for the most
distal samples and so ~0.28 wt % MgO (~5.5 °C) decrease along the 3.5 km flow or 1.5 °C/km as the flow
advanced on the surface. Flow 15B on the northeast flank of the caldera has 7.93% near-fissure, 7.78% for
middistance samples, and 7.76% for distal samples, and so MgO decreased 0.17 wt % (~3.2 °C cooling) during
~2.1 km of flow (or 1.5 °C/km).

The 1998 flow on the south rift (W. W. Chadwick et al., 2013; Clague et al., 2017) with the highest cooling rate
flowed down a steep slope, so the flow may have been more turbulent and therefore cooled more rapidly
than the 2015 flow lobes which advanced on less steep slopes. Only two other 2015 flow lobes (15E and
15H) sampled at mid-distance or distally are within the compositional range of the near-fissure samples.
The apparent cooling rates for 1998 and 2015 flow lobes are ~2.5 to 4 times as rapid as observed for tube-
fed flows during the Pu0u `O’o eruption at Kilauea volcano, Hawaii (Helz et al., 2003). Comparable rates cannot
be determined for the 2005–2006 EPR flows (Goss et al., 2010) because the lava compositions do not vary sys-
tematically away from the fissure. The apparent lack of a temperature gradient in the 2011 flow lobes sug-
gests more complex processes were operative—perhaps with decreasing eruption temperatures during
the eruption balancing cooling of the advancing flows.

5.4. Flow Heterogeneity

Each of these flows have statistically significant compositional heterogeneity. Accurately characterizing this
aspect of lava flows requires collection of numerous and spatially well distributed samples. The apparent
changes in MgO (and temperature) along flow lines are generally just larger than the 2σ analytical uncertain-
ties of the analyses, so cooling rate during flow on the seafloor is still poorly constrained; all appear to cool
significantly faster than for subaerial tube-fed flows.
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Flow heterogeneity combines the compositional variations along the fissures discussed in section 5.2 and the
chemical variations during emplacement on the seafloor discussed in section 5.3. A homogeneity index (HI),
first applied to subaerial flows on Mauna Loa volcano in Hawaii (Rhodes, 1983), was later used to examine the
compositional variability of submarine flows by K. H. Rubin et al. (1998, 2001). K. H. Rubin et al.’s results, based
on 10 submarine flows, showed that more voluminous flows were more heterogeneous than less voluminous
flows and that HI also varied with spreading rate with flows erupted on faster spreading ridges being less het-
erogeneous. The heterogeneity of three historical Axial lava flows also increase with volume and is controlled
by varying amounts of crystallization since the lavas from the three eruptions have common parental magma
compositions. The 24.1 × 106 m3 1998 flow (volumes from Clague et al., 2017) has HI of 1.06 to 1.22 for sam-
ples analyzed at each of the three laboratories and an average for all samples of 1.21. The 94 × 106 m3 2011
flows have an overall HI of 1.78 and HI of 0.85, 1.43, and 1.18 for flows from fissures A–E, F–H, and I, respec-
tively. The 155.2 × 106 m3 2015 flows have an overall HI of 2.10. However, only the 1998 flow plots close to the
MORB correlation line of K. H. Rubin et al. (2001), with the two larger volume, more heterogeneous Axial
Seamount flows having much lower HI than predicted from the correlation of HI to volume (K. H. Rubin
et al., 2001, their Figure 2a) and much closer to the trend for more voluminous southern EPR flows. K. H.
Rubin et al. (2001) speculated that some larger volume MORB flows might plot below the correlation and
have lower HI than predicted because they underwent efficient mixing and/or have greater heat capacity,
resulting in smaller differentiation gradients within the magma reservoir. The 2011 and 2015 Axial
Seamount flows suggest that this is apparently the case. The 2005–2006 lava flows on the EPR have an HI
of 1.57 (Goss et al., 2010) and an estimated volume of 22 × 106 m3 (Soule et al., 2007), similar to other small
volume MOR eruptions. Axial Seamount has a very similar spreading rate to the 1986 North Cleft pillow
mounds, the pre-1986 North Cleft sheet flow, and the 1993 CoAxial pillow ridge (K. H. Rubin et al., 2001).
At this roughly 60 mm/year spreading rate, the six flows from the JdFR have HIs that vary from a low of
1.21 for the 1998 Axial flow to 2.10 for the 2015 Axial flow and spanmuch of the range in HI for all MORB flows
with calculated HI (K. H. Rubin et al., 2001). Axial Seamount may not function in the same way as non–hot
spot-influenced ridge segments, enabling eruptions with a wider range of volumes and HI. The Axial historical
lava flows are heterogeneous in major elements, despite having the largest melt lens/reservoir on the MOR to
date (Arnulf et al., 2014).

5.5. Origin of Glass Shards on Benchmark AX101

Clague et al. (2003, 2009) argued that glass shards, including fluidal and limu o Pele fragments, along the
Gorda-JdFR system formed during strombolian eruptive activity. Helo et al. (2011) and Portner et al. (2015)
describe glass shards with similar morphologies in thick deposits on the rim of Axial Seamount, and Sohn
et al. (2008) described similar deposits from the Gakkel Ridge. Strombolian activity is most likely driven by
accumulation of vesicles in rising magmas to form larger bubbles that burst through the lava surface at
eruptive vents, as modeled by Head and Wilson (2003) and observed at West Mata Volcano (Resing et al.,
2011). The shards were deposited on benchmark AX101 (the southernmost sample in Figure 2d; W. W.
Chadwick et al., 2016; Nooner & Chadwick, 2016) after summer 2013 and sampled in summer 2015,
only months after the 2015 eruption. The ash compositions are similar to those of lava flows erupted from
fissures 15A and 15B with the aphyric shards most similar to fissure 15A lavas and the shards with micro-
lites most similar to fissure 15B lavas. The 19 analyzed pyroclasts have an HI of 1.28 compared with an HI
of 2.10 for all 2015 lavas, showing that they do not represent the full range of the erupted products in
2015. The absence of the lower MgO compositions among the pyroclasts may indicate that only fissures
15A and 15B (with an HI of 1.31) were characterized by pyroclastic activity, in addition to the effusive
emplacement of flows, or that fissures 15C–L were simply farther away and the pyroclasts were not trans-
ported to the central caldera. Regardless, the pyroclasts erupted at fissure 15B were carried between 3.8
and 4.9 km to the SSW before settling on monument AX101 in the central caldera and at least 4.3 km to
the SSE from fissure 15A to benchmark AX310 (Figure 5), consistent with the mapped >5 km dispersal of
glass shards in the Escanaba Trough from the prehistorical northern Escanaba (NESCA) eruption in the
Escanaba Trough (Clague et al., 2009).

5.6. The Utility of Prompt Mapping and Sampling of New Flows

The detailed mapping and sampling of lava flows at Axial Seamount represents the most complete and
extensive effort at an active submarine volcano. Our experiences and results point out some of the
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benefits of these types of studies but also some of the complexities and challenges in deciphering MOR-
related magmatic events/histories. With three eruptions occurring in the span of just 17 years, it is impor-
tant that posteruptive lava mapping and sampling takes place within a relatively short time, before flows
are potentially buried by subsequent eruptions. Fortunately, much of the summit of Axial Seamount was
mapped with high-resolution AUV bathymetry before and after the emplacement of the 2011 and 2015
flows, and depth differences clearly map out the extent of the new flows, particularly where the flow mar-
gins are thick (Caress et al., 2012; W. W. Chadwick et al., 2016; Clague et al., 2017). With AUV mapping
now completed (Figure 1) of the entire summit, the north rift beyond the extent of the 2015 flows,
and most of the south rift zone (see Figure 1 in Clague et al., 2017), repeat mapping will define the flows
from future eruptions.

Channelized flows, such as most flows in and near the caldera on Axial Seamount or along the fast-spreading
EPR (e.g., Bergmanis et al., 2007; Soule et al., 2007), require high-resolution repeat AUV mapping, because
they are generally too thin to be detected by ship-based bathymetric resurveys which are at lower resolution.
Channelized flows also tend to bury much larger areas than the thicker hummocky flows common farther
down the rift zones. Assessing the distribution and origins of pyroclastic glass shards produced during future
eruptions will be aided by deployment of closable containers in the caldera, on caldera rims, and on the rift
zones, as well as the numerous benchmarks used to make pressure measurements (Nooner & Chadwick,
2016) that are mainly located inside the caldera and on the upper south rift.

5.7. Rift Zones and Seafloor Spreading

At Axial Seamount, the locations of the eruptive fissures do not define a narrow band where seafloor
spreading occurs but instead jump back and forth over a zone at least 600–700 m wide. The fissures
for the 2015 flows in the eastern caldera near the southern end are located ~260 m west of the 1998
fissures and ~400 m west of the 2011 fissures. Farther north on the east northeast flank of the caldera,
the 2015 fissures are located ~300 m east of the flow Ne fissures and ~200–220 m west of the flow Sg
fissures mapped by Clague et al. (2013). The 1998 and 2011 south rift fissures are generally very close
to or even coincide with locations of previous eruptive fissures as described in Caress et al. (2012) and
W. W. Chadwick et al. (2013). A similarly wide extension zone was shown to occur at the Endeavor seg-
ment of JdFR (Clague et al., 2014).

5.8. Eruptive and Intrusive Volumes Compared With Magma Reservoir Volumes

The percent of the subcaldera reservoir volume that erupted as lava flows was only 0.25–0.6% in 2015, 0.16–
0.36% in 2011, and 0.04–0.09% in 1998, assuming that the volume of melt estimated to reside in the reservoir
(26–60 km3) has not changed since the multichannel seismic experiment (Arnulf et al., 2018) was conducted
in 2002. If estimated volumes of the dikes intruded down the rift zones are included, then the percent of the
volume of the magma reservoir that intruded and erupted might have reached 0.5–1.2% (in 2015) and
slightly less in 2011 and 1998, estimated using a 2-km-tall dike (approximate thickness of ocean crust layer 2B;
e.g., McLain, 2003) that is 2 m thick (observed open fissure widths) and 50, 35, and 24 km long in 1998, 2011,
and 2015, respectively (measured in GIS). These estimates are similar to those of Arnulf et al. (2018) that<1%
of the stored melt was intruded or erupted during the historical eruptions. These estimates are far smaller
than the estimated 15% of the volume of the axial magma lens estimated for the 2005–2006 eruption on
the EPR at 9°N (Soule et al., 2007), although the difference may reflect the enhanced flux from the Cobb
hot spot on the magma storage reservoir at Axial Seamount (J. Chadwick et al., 2014).

Recharge of the reservoir (e.g., Nooner & Chadwick, 2016) took place in 4,834 days between the start of the
1998 and the start of the 2011 eruption but in just 1,478 days between the start of the 2011 and the start of
the 2015 eruption. The recharge period prior to the 1998 eruption is >13 years and probably <20–25 years
after the eruption of the Bag City lava flow (flow Sb in Clague et al., 2013) as it predates a sidescan survey
done in 1985 (W.W. Chadwick et al., 2013) and is consistentwith the average recurrence interval of 15 ± 4 years
for the last 24 eruptions inside the caldera (Clague et al., 2013) This range suggests that the recharge period
prior to 1998 was at least as long as the 4,834 days between the 1998 and 2011 eruptions. Post-2015 inflation
rates suggest that the recharge period following the 2015 eruption may be closer to that from 2011 to 2015
than to the 1998 to 2011 recharge period.

10.1029/2018GC007708Geochemistry, Geophysics, Geosystems

CLAGUE ET AL. 2930



6. Conclusions

(1) The glass compositions for the historical eruptions at Axial Seamount in 1998, 2011, and 2015 each show
increasing amounts of differentiation with distance from the caldera, as measured by decreasing MgO
content and calculated temperatures.

(2) Eruption temperatures decrease along the upper rift zones at ~0.5–0.6 °C/km and are attributed to
cooling of the dikes against cooler wallrocks during lateral propagation. The rate of cooling increases
to ~0.9 °C/km in the distal south rift during the 2011 eruption, probably because the wallrocks are
cooler since they have less frequent dike intrusions and/or because of decreasing dike propagation
rate with time.

(3) The initial phase of the 2015 eruption, on the eastern caldera floor and northeast rim of the caldera,
erupted the hottest magma, at ~1200 °C, and the most phyric magma (up to ~5% crystals) erupted near
the summit of Axial Seamount in the past 370 years and perhaps as long as 715 years.

(4) Despite the higher magma eruption temperatures and higher crystal content of the summit 2015 lavas
(characteristic of Group 2 normal-MORB lavas erupted between 715 and 800 years ago), all lavas from
the three historical eruptions are Group 1 transitional-MORB. The hotter summit 2015 eruption tempera-
tures apparently were caused by a shorter than normal repose period and higher magma supply rate
following the 2011 eruption.

(5) The shorter repose period also resulted in eruption of gas-rich magma at the summit in 2015 and strom-
bolian eruptive activity that produced abundant pyroclasts that were transported 3.8–4.9 km to the SSW
from fissure B before settling in the center of the caldera. The more rapid rise rate of these initial gas-rich
magmas carried phenocrysts of plagioclase and lesser olivine to the surface from the magma reservoir.
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